
Hypothesis

Journal of Medical Genetics 1985, 22, 171-178

An hypothesis regarding the origin of aneuploidy in
man: indirect evidence from an experimental model
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SUMMARY Recent studies have clearly demonstrated that aneuploidy may be induced in about 10
to 20% of oocytes and recently ovulated eggs when female mice are given an intragastric injection
of a dilute solution of ethanol. Similar rates of aneuploidy have also been observed when recently
ovulated eggs are briefly exposed in vitro to a dilute solution of ethanol in tissue culture medium.
These findings are briefly reviewed, and observations made on the possible underlying
mechanism of induction ofchromosome malsegregation in the ethanol exposed groups. Attention is
drawn to evidence from a wide range of studies on the effect of ethanol, acetaldehyde (its primary
metabolite), and anaesthetics on cell division and chromosome segregation in an attempt to
substantiate an hypothesis regarding the mode of action of these agents. In the light of this
information, it is hypothesised that exposure to ethanol probably interferes with the normal
functioning of the cytoskeletal elements of the spindle apparatus, or its precursor elements,
during the first or second meiotic divisions. An attempt is also made to account for the very high
incidence of aneuploid conceptuses in man, a high proportion of which are spontaneously
aborted. It is hypothesised that exposure to ethanol and other spindle active agents during
appropriate stages of oogenesis (in particular during the first meiotic division), and possibly also
during spermatogenesis, may be important aetiological factors in a proportion of those cases of
spontaneous abortion with a numerical chromosome anomaly for which no other obvious cause is
recognised. It is already well established that exposure to alcohol during human pregnancy may
be harmful to the conceptus. If it is valid to extrapolate from these experimental findings to the
clinical situation in man, it is suggested that attention should also be drawn to the potentially
greater hazard to the conceptus which could result from maternal alcohol consumption at and
shortly before conception.

Quite recently, a series of reports have clearly
demonstrated that ethanol is capable of inducing
malsegregation of meiotic chromosomes during the
first and second meiotic divisions in mice, when
exposure of female gametes to ethanol occurs during
the cycle before ovulation' 2 or at the time of
conception.3
These observations have led this author to specu-

late on the possible underlying mechanism of
induction of aneuploidy in the ethanol exposed
groups of gametes, and to consider whether it might
be valid to extrapolate from these observations in
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the mouse to the clinical situation in man.
In these studies, unmated females were exposed

to ethanol at various times in relation to the human
chorionic gonadotrophin (HCG) injection for induc-
ing ovulation. The females were lightly anaesthe-
tised with ether and a dilute solution of ethanol in
distilled water was introduced via a fine plastic tube
passed into the stomach. The mice were then mated
and their embryos subsequently recovered and
analysed either at the first cleavage mitosis or at the
morula stage. The air drying technique employed,4
in which pronuclear stage 1 cell eggs were incubated
in tissue culture medium containing colcemid,
allowed the eggs at this stage of development to
progress to metaphase of the first cleavage mitosis,
but, more importantLy, allowed the male and female
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pronuclear chromosome sets to remain as two
discrete groups. In some of these experiments, the
males carried an appropriate 'marker' chromosome
which enabled the maternal and paternal chromo-
some sets to be distinguished. It transpired that
aneuploidy had in fact been induced in a proportion
of the female derived, but apparently not in the
male derived, pronuclear sets of chromosomes. In
these investigations, the incidence of aneuploidy
was 19% and 13-5% at the first cleavage and
morula stages, respectively, in the in vivo exposed
groups. 1-3 Parallel studies were also carried out
in which ethanol induced parthenogenetically
activated haploid mouse eggs induced in vitro were

analysed at the first cleavage mitosis. In this series,

the incidence of aneuploidy ranged from 14 to 19%
in the various ethanol exposed groups.5
A wide variety of other chemical and physical

stimuli are capable of inducing mammalian eggs to
undergo parthenogenetic activation, but the
cytogenetic analyses of large numbers of parth-
enogenetically activated eggs and embryos have
revealed that parthenogenesis per se is not normally
associated with the induction of errors of chromo-
some segregation.6 It appears likely therefore that
exposure to the ethanol in both the fertilised and
parthenogenetically activated groups led to the
production of aneuploid embryos. While the exact
mode and site of action of ethanol in these studies
has yet to be established, strong circumstantial
evidence will be presented which suggests that it
probably acts on the cytoskeletal elements of the
spindle apparatus or on its precursor elements.

In an attempt to substantiate this hypothesis,
evidence is drawn from a wide range of studies on

the effect of ethanol, acetaldehyde (its primary
metabolic product), and anaesthetics on cell division
and chromosome segregation. In the light of these
observations, it is suggested that the recent findings
in the mouse may provide clues as to the aetiological
factors involved in those cases of spontaneous
abortion in man which possess an abnormal chromo-
some number.
As far as this author is aware, no adequate

explanation has so far been proposed to account for
the very high incidence of aneuploid conceptuses in
man,77 most of which are spontaneously aborted.
All that does appear to be certain is that these must
result from a malsegregation event involving either
the male or female gamete as these progress through
the first or second meiotic division. Current
information9 suggests that oocytes are considerably
more vulnerable than spermatocytes in this regard,
and that the malsegregation event is much more

likely to occur during the first rather than the second
meiotic division. The fact that spontaneous abor-

tions occur throughout the reproductive life of the
woman suggests that environmental (exogenous)
rather than purely endogenous factors are the likely
cause. It is hypothesised here that exposure to
ethanol and other spindle active agents during
appropriate stages of oogenesis, and possibly also
during spermatogenesis, may be important aetiolo-
gical agents in those cases of spontaneous abortion
in man which possess a numerical chromosome
anomaly for which no other obvious cause is
recognised.

Possible mode of action of ethanol in inducing
aneuploidy

Numerous experimental studies have been carried
out to investigate the teratogenicity of ethanol1tWl2
and acetaldehyde,'l3 "4 but relatively little appears to
be known about their effect on the chromosome
constitution of either male or female germ cells.
Some observers have reported that exposure to
ethanol is capable of inducing numerical chromo-
some anomalies in svermatogonial mitoses in male
rodents (mice,'" rats16), and these findings appear to
complement the recent reports on the effect of this
agent on the chromosome constitution of oocytes as
they progress through meiosis I and II. 2 Z

While the underlying mechanism of action of
ethanol on male and female germ cells has yet to be
established, a considerable number of reports are
available on the effect of this and related agents on
the chromosome constitution of mammalian cells in
tissue culture (see below) as well as on plant
cells.'7 18
Much of the work on the effect of ethanol and

acetaldehyde on chromosomal structure and func-
tion has been carried out by Obe and his
colleagues'9-22 using a range of analytical
techniques.23 While Obe is of the opinion that
ethanol is mutagenic via its metabolite acetaldehyde
others have claimed that under appropriate condi-
tions ethanol itself may also be mutagenic.
The results obtained from mating male mice that

had previously been exposed to repeated high levels
of ethanol24 were tested by the dominant lethal
assay, and the findings from this study, in which the
last ethanol dose had been given eight and 13 days
before mating, indicated that chromosome defects
must have been induced at the spermatid or sper-
matozoon stage. Since additional experiments with
rats and subsequent experiments with mice pro-
duced no increase in the incidence of dominant
lethals, the validity of the earlier findings was
questioned.22 However, more recent studies in
which male rats were exposed to ethanol by mouth
would appear to confirm the earlier observations on
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the mutagenicity of this agent at the spermatid stage
of gametogenesis in the male as assessed by the
dominant lethal assay.'6 A single dose of a 40%
solution of ethanol produced both numerical and
structural anomalies of meiotic chromosomes, high-
est levels being observed when exposure occurred
about two weeks before mating.

Studies with small lymphocytes from peripheral
blood have also proved to be an instructive system
for analysing the induction of chromosome damage.
A rise in chromosome breaks has been reported
following a four hour or 48 hour exposure period to
1-2%/ solution of ethanol,25 though these results
have not been observed by others using similar
doses of ethanol. Negative results have also been
reported following the exposure of cultured human
HeLa cells, mouse ascites tumour cells, and Chinese
hamster cells to dilute solutions of ethanol. How-
ever, repeated exposure of Chinese hamster cells to
dilute solutions of acetaldehyde resulted in an
increase in the incidence of sister chromatid ex-
changes over control values. 19 A higher mutagenic
activity of acetaldehyde as compared to ethanol
(that is, in that it induces higher rates of chromo-
some aberrations and sister chromatid exchanges)
had previously been observed in plant material.26
Ethanol apparently had no chromosome breaking
activity in root tips when roots were grown on bulbs,
but aberrations were induced in root tips when these
were grown from seeds in the presence of
ethanol.27 28

It is clearly difficult to interpret these findings. It
is equally unclear whether these observations are in
any way related to the high incidence of chromo-
some damage seen in alcoholics. 1 21) 22 29 It is
possible that alcoholics may have an impaired DNA
repair mechanism, and that this may be the mechan-
ism underlying the mutagenic as well as the carci-
nogenic activity of ethanol in this group.

Little direct information is available to suggest
that ethanol or acetaldehyde has any demonstrable
effect on the cytoskeletal elements of the spindle
apparatus, much of the evidence being purely
circumstantial. Acetaldehyde is clearly teratogenic,
and the damage induced to the developing nervous
system in mouse embryos is directly related to
neuroepithelial cell shape changes induced by this
agent'3 14 which are clearly mediated via the effect
of this agent on the microtubules and microfilaments
of the cytoskeletal system.

It is not entirely clear whether it is valid to
compare the effect of ethanol on meiotic or mitotic
spindle activity with the effect of anaesthetic agents
on these processes. However, since ethanol and
anaesthetics have many physical and chemical prop-
erties in common, and have similar physiological

actions, attention is drawn to some of the ex-
perimental findings relating to members of the latter
group on cell division and chromosome segregation.

Andersen,3" in a detailed analysis of the effect of
anaesthetics on cell division, concluded that they all
inhibited mitosis by an effect on the mitotic spindle,
and that this effect could be induced following
exposure to clinical concentrations of these agents.
Indeed, some of these agents induced errors of
chromosome segregation in mammalian cells grown
in tissue culture- 1 and were also capable of increas-
ing the incidence of chromosomal aberrations in rat
spermatogonial cells32 and mouse oocytes.33 The
action of ethanol and clinical levels of anaesthetics
appears to be altogether more subtle than that of
many other spindle poisons (for example, cytochala-
sin and colchicine) on comparable stages of develop-
ment in the doses usually employed.3>37
When a range of mutagenicity tests are used, the

general conclusion has been drawn that modern
inhalational anaesthetics are probably not
mutagens. However, the anaesthetics which contain
the vinyl moiety are mutagenic and are potentially
carcinogenic.3

Despite these essentially negative findings from
standard mutagenicity testing studies, it has long
been known that operating room personnel have a
higher than expected incidence of pregnancy
wastage. 3942 In general, the incidence of spon-
taneous abortions is about twice that seen in
unexposed females. As no cytogenetic information
is available from analyses of the spontaneous
abortus products in the exposed group, it is unclear
whether the effect observed was due to an increased
incidence of chromosome malsegregation in the
oocytes, or due to damage to the conceptuses
following fertilisation (a teratogenic effect33).
The incidence of congenital abnormalities was

also higher in the exposed group (9-6%) compared
to the controls (5-9%, p<O.O1).39 The exposed
group of females also had a significantly greater risk
of developing cancer and hepatic and renal disease.
Curiously, no increased risk of developing cancer or
renal disease was observed in male anaesthetists,
but a similar increased risk of developing hepatic
disease was reported. No increased risk of spon-
taneous abortions was observed in the unexposed
wives of male operating theatre personnel, but an
increased risk of bearing children with congenital
abnormalities was noted in the unexposed wives of
male anaesthetists. The types of abnormalities
reported involved most of the major organ systems.
In the study by Knill-Jones et a!43 a slight increase in
the incidence of minor abnormalities was observed
in association with male exposure compared to
controls where neither parent was exposed, largely
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accounted for by an increase in the reporting of
minor congenital abnormalities by the exposed
group.

It is unclear whether anaesthetic agents affect the
spindle apparatus or its precursor elements, leading
to interference with normal chromosome segregation.
Allison and Nunn44 have suggested that anaesthetics
affect the M stage of the cell cycle by depolymerising
microtubules. These cytoplasmic structures are
formed and disassembled during each cell division,
are attached to the centromere (or kinetochore)
region of the chromosomes, and are involved in the
movement of chromatids to the spindle poles at
anaphase.45 Indirect evidence does in fact exist
which suggests that volatile anaesthetics may be
capable of interfering with the mechanism which
enables microtubule sub-units to associate
together.46 Ultrastructural studies on cells exposed
to halothane have clearly demonstrated that this
agent can interfere with the assembly of mitotic
microtubules,44 47 48 and similar observations on
HeLa cells arrested in mitosis following exposure to
nitrous oxide indicated that the microtubule interac-
tion necessary for prometaphase movement was in
fact impaired.49 While numerous hypotheses have
been proposed to explain the mitotic inhibitory
effect of anaesthetics, the situation is confused by
species differences in susceptibility of specific mito-
tic cycle stages to anaesthetic agents. ',
The recent availability of immunofluorescent and

immunocytochemical procedures with affinity puri-
fied antibodies to the various spindle
components,5 5 used in association with the more
familiar agents that act on the cytoskeletal elements,
such as colchicine, cytochalasin B and D, nocoda-
zole, etc,55-59 holds out the possibility that investiga-
tions along these lines may prove instructive in
attempting to assess the underlying mechanism(s) of
action of these agents on meiotic chromosome
segregation.

Curiously, ethanol, benzyl alcohol, and a range of
anaesthetics are also capable of inducing rodent eggs
to develop parthenogenetically.5 6 33 60-63 While, as
indicated earlier, parthenogenetic activation per se
does not appear to be associated with the induction
of aneuploidy,6 the latter is observed in mouse
oocytes after in vivo and in vitro activation with
ethanol,5 6 and after in vivo activation with ethanol'
and tribromoethanol (Avertin33), and may well be
induced following exposure to the other agents
indicated here.

It is possible that, as well as inducing parth-
enogenetic activation, these agents may have a
residual effect on the cytoskeletal sub-units which
are subsequently involved in spindle formation and
activity. Such interference could lead to non-

disjunction. The activity of these agents may have
features in common with the effect of an intranuc-
lear injection of anti-actin antibodies into Xenopus
oocytes, where interference with chromosome con-
densation may be induced.64

Possible clinical implications of these findings

The recent findings from the various studies in
which female mice were exposed to ethanol during
either the first or the second meiotic division, and
previous observations on the effect of exposure to
anaesthetics and other spindle acting agents, would
seem to indicate that all of these agents are capable
of interfering with normal chromosome segregation.
While their exact mode of action remains to be
established, and it may well transpire that they all
have a similar influence on the cytoskeletal elements
of the spindle apparatus, it seems clear that all of
these agents are capable of inducing a moderate
incidence of aneuploidy under experimental (and it
is hypothesised even under clinical) conditions.

Kaufman65 has recently proposed that these
substances might be the causative agents in a
proportion of those cases of aneuploidy in man for
which no other adequate explanation is available.
Examples where the influence of maternal ageing
(see below) is the likely aetiological factor,9 or when
conception occurs in a subject bearing a balanced
chromosome translocation,/6 67 would of course not
fall into the latter category. Even excluding these
subjects, their omission would have little effect on
the very high incidence of spontaneous abortions,
more than half of which possess a numerical
chromosomal defect. The latter groups almost cer-
tainly result from a non-disjunctive event which
must have occurred during either the first or the
second meiotic division during gametogenesis.

Relatively little information regarding the paren-
tal origin of the majority of human aneuploid states
is available. However, cytogenetic analyses of spon-
taneous abortus material6>7" and liveborn
trisomics7'7 indicate that maternal first meiotic
division errors are the most common cause of these
trisomic states. The most relevant information in
this regard comes from the extensive analyses that
have been carried out to determine the parental
origin of the extra chromosome 21 in Down's
syndrome, and the origin of the extra X chromo-
some in various sex chromosome anomalies.
Chromosome polymorphism studies have recently

demonstrated that the extra chromosome 21 present
in Down's syndrome is in fact maternal in origin in
about 77% of cases (malsegregation at meiosis I and
II contributed 66.2% and 11.0%, respectively),
while in the remaining 23% the extra chromosome is
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paternal in origin (due to malsegregation at meiosis
I and II in 13.8% and 9 0%, respectively).74

Similar findings have been reported regarding
malsegregation involving the X chromosome, from
extensive studies on the inheritance of the X linked
dominant blood group gene Xg in subjects with
various sex chromosome anomalies. For persons
with a 47,XXY karyotype, the extra chromosome
was maternal in origin in 67% of cases (XmXmY)
and paternal in 33% (XmXPY), with the majoritA of
errors arising during the first meiotic division.
In women with Turner's syndrome (45,X), it has
been estimated that 77% have a maternal X
chromsome (XmO) and 23% a paternal X chromo-
some (XPo),77 though the mechanism of origin of
this condition remains unknown.9 These findings
indicate that non-disjunction is much more likely to
occur at the first rather than at the second meiotic
division and, possibly of greater importance in the
present context, that maternal factors are appar-
ently considerably more important than paternal
ones in facilitating these malsegregation events.7' 78
The aetiological factors involved in the age

dependent group have received much attention, but
it has yet to be established whether an increased
incidence of spindle defects occurs in the oocytes
ovulated by these aged females.79 It has been
suggested that the increased incidence of non-
disjunction observed in this group might be associ-
ated with a decrease in the chiasma frequency, as
reported by Henderson and Edwards,8' though the
existence of a 'production line' within the fetal ovary
as proposed by these authors has yet to be unequivo-
cally demonstrated. Furthermore, the increased
occurrence of univalents at meiosis I seen in aged
mice and Chinese hamster eggs does not appear to
be associated with aneuploidy at metaphase II
(mouse,81 82 Chinese hamster79).
Numerous investigators have suggested that an

abnormal hormonal environment within the ovary
or hormonal imbalance at the end of reproductive
life might somehow predispose towards chromo-
somal malsegregation.83 84 Possibly an increased
duration of exposure to potential hazards occurs
during the first compared to the second meiotic
division, though it has yet to be established whether
oocytes are more vulnerable before (that is, before
the resumption of meiosis) or at any particular stage
during the first meiotic division once the chromo-
somes have condensed and become associated on
the spindle apparatus.

In all probability a combination of factors is at
work, with exogenous influences superimposed on
the age related processes. While some of the
possible age related factors are indicated above,
very little has been written about the age indepen-

dent influences, as until quite recently no very
serious candidates had suggested themselves.

I believe that ethanol in particular, as well as
other spindle acting agents, should be seriously
considered as possible aetiological agents in this
regard for the following reasons. Firstly, ethanol is
freely available and its pharmacological actions on
the metabolism of the individual"l 85 are well known.
Secondly, its harmful effect on fetal development
has long been suspected and has recently been
confirmed both clinically and experimentally in
numerous animal studies,11 12 8688 and no doubts
now exist that ethanol and related agents that act on
the cytoskeletal elements of the spindle apparatus
are potential teratogens if exposure occurs at
appropriate stages of gestation. 14 89-91

It is unclear at the present time whether ethanol
itself, or its primary metabolite acetaldehyde, or
indeed both of these agents, are teratogenic in man.
Animal studies indicate that in appropriate dosage
both of these agents are probably teratogenic
(ethanol,'2 91 acetaldehyde13 4), and it is neither
instructive nor appropriate in this brief discussion to
attempt to distinguish which teratogenic features are
more likely to be attributed to the effect of one or
the other agent. Thirdly, a wide variety of studies
involving both animal and plant material have now
demonstrated that, under appropriate conditions,
these agents are also powerful mutagens (see
previous section).
While little direct evidence is available so far to

implicate either ethanol or the related spindle acting
agents in the induction of aneuploidy in man, I
believe this hypothesis is worthy of serious consid-
eration. In two recent large epidemiological studies,
an increased risk of a spontaneous abortion was
observed92 93 in drinkers, though it has yet to be
established whether this finding was due to a
mutagenic or possibly teratogenic effect of ethanol.

Quantifying the incidence of aneuploidy at
conception

A recent study in which the chromosome constitu-
tion of almost 1000 human spermatozoa was deter-
mined indicated that the incidence of aneuploidy in
this group was about 5% .94 It is unclear what the
incidence of aneuploidy is in female gametes, but it
seems likely that it is equal or even higher in oocytes
than in spermatozoa. A cytogenetic and DNA
microfluorimetric analysis of in vitro fertilised hu-
man embryos at the eight cell stage has revealed that
an unexpectedly high proportion were indeed aneu-
ploid or haploid.96 97 Out of a total of 10 cleaving
embryos examined, three were chromosomally
abnormal, being either nullisomic or trisomic.
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Whatever the true incidence of aneuploidy at
conception in man, and it may be as high as 20% of
all conceptuses,8 it would be of the greatest interest
to determine whether some members of the chromo-
some complement are more susceptible than others
to undergo malsegregation events. Certainly the
human spontaneous abortus data appear to indicate
that the observed incidence of certain autosomal
trisomies is quite different from that expected if all
chromosomes had an equal chance of undergoing
non-disjunction.938 Whereas monosomic subjects
generally have a very limited viability, the develop-
ment potential of trisomic subjects in which the
same autosome is involved is very largely de endent
on which extra chromosome is present.9 1) To
complicate matters, it is extremely likely that the
survival of a monosomic or trisomic subject also
depends on its genetic constitution. Some trisomics
may still be alive at the end of the first trimester, and
may occasionally even survive to term, while others
with the same extra chromosome present may die at
or very shortly after implantation."" Similar find-
ings have also been reported in studies which have
attempted to investigate the development potential
of aneuploid and polyploid mouse embryos
(aneuploidy, (12 polyploidy 103-t05).
Of the various studies carried out to determine

the spontaneous incidence of aneuploidy in mice,
the level observed has generally been found to be
extremely low, both in air dried preparations of
metaphase II oocytes and spermatocytes, 106 107 and
at the first cleavage mitosis following fertilisation in

vivo and in vitro.()x Certainly, the baseline level of
aneuploidy appears to be considerably lower than
the very approximate but rather high estimate made
for the same condition in human oocytes, spermato-
zoa, and cleavage stage embryos, as indicated
above.

Preliminary studies in the mouse indicate that
certain autosomes may in fact be more susceptible
than others to undergo spontaneous non-

disjunction, with chromosome 19 being the most
often involved in aneuploidy."'" By contrast, the
incidence of aneuploidy at conception in man, and
the randomness or otherwise of the autosomes
involved in this condition, will only be established
when sufficient numbers of early human concep-
tuses have been analysed cytogenetically.

If it is valid to extrapolate from the results of the
mouse studies described here to the situation in

man, it would seem advisable to warn potential
parents of the possible hazards of ethanol consump-
tion (and exposure to anaesthetics) at the time of
conception and, possibly more importantly, during
the oocyte maturation cycle leading to ovulation if
there is any likelihood that this is to be associated

with conception. However, the exact risk involved
of inducing an aneuploid conceptus, and its chance
of survival, is extremely difficult to quantify, as both
of these factors are likely to be influenced by the
genetic constitution of the parents, the time of
exposure, the dose and agent involved, and the age
of the mother.

The work described here was supported by a grant
from the National Fund for Research into Crippling
Diseases (Action Research for the Crippled Child).
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